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Summary
Lilliput was discovered in 2005 as the southernmost
known hydrothermal field along the Mid-Atlantic
Ridge. It is exceptional in that it lacks high-
temperature venting probably because of a thickened
crust. The absence of thermophilic and hyperthermo-
philic prokaryotes in emissions supports the argu-
ment against the presence of a hot subsurface at
Lilliput, as is typically suggested for diffuse emis-
sions from areas of high-temperature venting. The
high phylogenetic diversity and novelty of bacteria
observed could be because of the low-temperature
influence, the distinct location of the hydrothermal
field or the Bathymodiolus assemblages covering the
sites of discharge. The low-temperature fluids at the
Lilliput are characterized by lowered pH and slightly
elevated hydrogen (16 nM) and methane (~2.6 mM)
contents compared with ambient seawater. No typical
hydrogen and methane oxidizing prokaryotes were
detected. The higher diversity of reverse tricarboxylic
acid genes and the form II RubisCO genes of the
Calvin Benson-Bassham (CBB) cycle compared with
the form I RubisCO genes of the CBB cycle suggests
that the chemoautotrophic community is better
adapted to low oxygen concentrations. Thiomi-
crospira spp. and Epsilonproteobacteria dominated
the autotrophic community. Sulfide is the most abun-
dant inorganic energy source (0.5 mM). Diverse bac-
teria were associated with sulfur cycling, including
Gamma-, Delta- and Epsilonproteobacteria, with the
latter being the most abundant bacteria according to
fluorescence in situ hybridization. With members of
various Candidate Divisions constituting for 25% of
clone library sequences we suggest that their role in
vent ecosystems might be more important than pre-
viously assumed and propose potential mechanisms
they might be involved in at the Lilliput hydrothermal
field.
Introduction
Low-temperature venting was the first type of hydrother-
mal activity discovered along the global mid-oceanic ridge
system (Edmond et al., 1979). The associated environ-
ments were recognized as important habitats for microor-
ganisms and macro-fauna (Corliss et al., 1979; Karl et al.,
1980). The primary mechanisms responsible for the
chemistry of diffuse discharge are mixing processes of
hot, reduced hydrothermal fluids with seawater ingressing
the crust (James and Elderfield, 1996). Additionally,
conductive cooling (Cooper et al., 2000), mineral
precipitation/dissolution (James and Elderfield, 1996) and
biological activity (Lilley et al., 1983) strongly affect the
chemical signature of the diffuse emissions. Because of
the focus on high-temperature black smokers in the past,
comparatively few studies are available engaging in
the microbiology and fluid chemistry of diffuse, low-
temperature emissions and ambient habitats. Micro-
biological studies of low-temperature hydrothermal
environments include diffuse discharge sites from the
Juan de Fuca Ridge (Holden et al., 1998; Huber et al.,
2002; 2003), organic rich sediments from the Guaymas
Basin (Teske et al., 2002) and the Rainbow hydrothermal
Received 16 October, 2006; accepted 17 December, 2006.
*For correspondence. E-mail jimhoff@ifm-geomar.de; Tel.
(+49) 431 600 4450; Fax (+49) 431 600 4452. †Present address:
Department of Earth Sciences, University of Aarhus, Hoegh-
Guldbergsgade 2, Dk-8000 Aarhus C, Denmark.
Environmental Microbiology (2007) 9(5), 1186–1201 doi:10.1111/j.1462-2920.2007.01241.x
© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd
field (López-García et al., 2003) as well as metazoan–
symbiont associations and adjacent substrate (Alain
et al., 2002; 2004; Goffredi et al., 2004; Page et al.,
2004). In all cases a rich microbial fauna was observed.
This included members of Gamma-, Epsilon- and Delta-
proteobacteria, Bacteroidetes, Firmicutes, Aquificales,
various Candidate Divisions as well as hyperthermophilic
archaea (Alain et al., 2002; Huber et al., 2002; 2003;
Teske et al., 2002; López-García et al., 2003; Goffredi
et al., 2004; Page et al., 2004). The frequent encounter of
thermophilic and hyperthermophilic prokaryotes in low-
temperature emissions has suggested the presence of a
hot subsurface environment (Holden et al., 1998; Huber
et al., 2002; 2003).
Chemolithoautotrophic microorganisms are responsible
for the production of biomass at hydrothermal deep-sea
environments. Hence they are fundamental for all other
organisms inhabiting these ecosystems. To date, four
mechanisms of CO2 fixation are known: the Calvin Benson-
Bassham (CBB) cycle, the reverse tricarboxylic acid
(rTCA) cycle, the reductive acetyl coenzyme A pathway
and the 3-hydroxypropionate cycle (Madigan et al., 2003).
Two CO2 fixation pathways that have been recognized as
important at hydrothermal habitats include the CBB and
the rTCA cycle (Elsaied and Naganuma, 2001; Campbell
and Cary, 2004; Campbell et al., 2006). While organisms
utilizing the rTCA cycle are found in representatives of the
Epsilonproteobacteria and Aquificales (Shiba et al., 1985;
Beh et al., 1993; Hügler et al., 2005; Takai et al., 2005), the
CBB cycle operates in Alpha- and Gammaproteobacteria,
for instance. Major differences between these two CO2
fixation pathways include their energy demand and the
oxygen sensitivity of key enzymes.
The Lilliput hydrothermal field, discovered in 2005 as the
southernmost known hydrothermal field on the Mid-
Atlantic Ridge (MAR) (9°33′S) at a water depth of 1500 m,
is located on a ridge segment with a considerably thick-
ened crust (11 km). It has been suggested that diffuse
low-temperature venting may be typical for ridge segments
with thickened crusts because high-temperature vents
appear to be very rare on such segments. For example, in
a detailed study covering some 600 km of the Reykjanes
Ridge, which has a thickened crust comparable to that of
the MAR at 9°33′S, only one hydrothermal system (the
Steinhóll field) was found (German et al., 1994). Possible
explanations for the apparent lack of high-temperature
venting on ridge segments with thickened crusts are that
melt lenses (representing the deep-seated heat source
and reaction zone) may lie too deep to be reached by
seawater circulation or that deep water circulation does not
occur because of the absence of deep faults in the thick,
hot crust (German et al., 1994; Chen, 2003).
At the Lilliput hydrothermal field low-temperature
diffuse fluids (< 16.7°C) emit through cracks of basalt
pillows overgrown with patchy assemblages of Bathymo-
diolus mussels (Fig. 1). The accumulation of low-
temperature Fe-oxides/hydroxides has been observed
(Fig. 1). So far, no evidence indicative of high-
temperature processes (e.g. chimneys or sulfides) has
been detected, suggesting that temperatures at Lilliput do
not exceed a few tens of degrees. Additionally, the unsuc-
cessful search for high-temperature emissions using the
‘ABE’ autonomous underwater vehicle has supported the
idea of low-temperature-based hydrothermalism. Judging
from the abundance of juvenile mussels (O. Giere, pers.
comm.), it has been concluded that the Lilliput hydrother-
mal field is fed by recently reactivated diffuse venting.
In this report we will be describing a microbial commu-
nity of novel composition associated with apparent low-
temperature hydrothermalism and specific fluid chemical
characteristics of the geographically distinctly located Lil-
liput hydrothermal field. We will discuss the interactions
and functioning of the microbial community partly operat-
ing different CO2 fixation pathways. The resultant findings
will expand our knowledge of the free-living microbial
community inhabiting the Bathymodiolus habitat, extend
the available microbial data to the southern hemisphere of
the MAR and provide an insight into the subsurface char-
acteristics of the low-temperature Lilliput hydrothermal
field.
Results
Fluid chemistry
Chemical properties of diffuse emissions from the Lilliput
hydrothermal field are summarized in Table 1. The con-
centration data listed are measured values for individual
Fig. 1. The Lilliput hydrothermal field at 9°33′S on the Mid-Atlantic
Ridge. Low-temperature fluids emit through cracks of pillow lava,
which are covered by Bathymodiolus mussels. Photo by Marum,
Bremen.
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diluted hydrothermal fluids mixed with ambient seawater.
Hence, the concentrations of the measured parameters
strongly depend on the degree of dilution. However, data
for the sample presented in Table 1 are considered typical
with average properties representative for this area. The
temperature was slightly increased (5.5°C) compared with
ambient seawater. The pH of the fluids was lowered
(6.4 at 25°C) (Table 1). In contrast, hydrogen (16 nM) and
methane (~2.6 mM) contents were elevated compared to
seawater but significantly lower than determined for other
diffuse hydrothermal fluids. Sulfide concentrations
accounted for 0.5 mM. The Fe(II) fraction (22.2 mM)
exceeded the Fe(III) fraction (Table 1). Determination of
the stable carbon isotope signature of CH4 gave a d13C of
-32.6‰.
Fluorescent in situ hybridization (FISH)
The diffuse outflow at the Lilliput hydrothermal field
was dominated by bacteria [89% of 4,6-diamidino-2-
phenylindole (DAPI)-stained cells]. Members of the
Cytophaga-Flavobacterium cluster, Epsilon-, Gamma-
and Deltaproteobacteria constituted for 13%, 28%, 22%
and 12% of DAPI-stained cells respectively. Archaea
(three different probes used), Alpha- and Betaproteobac-
teria were not detected by group-specific probes listed in
Table 2. Approximately 11% of DAPI-stained cells neither
hybridized with probes specific for the archaeal nor the
bacterial domain. These cells had a coccoidal shape and
were smaller compared to all other cells. Moreover, 14%
of DAPI-stained bacterial cells hybridized with none of the
class-specific probes used summarized in Table 2.
Among cells hybridizing with the probe specific for Epsi-
lonproteobacteria various morphologies were observed
including rods, coccoids and filaments (Fig. S1). Chains
consisting of coccoidal or filamentous cells (Fig. S1B and
E) exhibited lengths of up to 132 mm and possibly longer.
The width of these chains did not exceed 2 mm. Single
filaments reached a width of 3 mm and a length of 20 mm
(Fig. S1C and F).
Diversity and novelty of 16S rRNA gene phylotypes
From the 100 bacterial and 100 archaeal clones investi-
gated, 81 bacterial and 21 archaeal sequences were
recovered. Of the 81 bacterial sequences 51 phylotypes
(sequence similarity of 98% defined as phylotype) were
identified. Coverage values estimated indicate a 54% cov-
erage for the bacterial diversity and a 72% coverage for
Table 1. Measured physical and chemical properties of the diffuse
emissions.
Physico-chemical
parameters
Ambient
seawater
Lilliput
hydrothermal field
Endmember fluid
portion (%)
0 4
T (°C) 2 5.5
pH 8.1 6.4
H2 (nM) < 0.5 16
CH4 (nM) < 1 2662
d13 CH4 (‰) ND -32.6
H2S (mM) < 1a 500b
Fe2+ (mM) < 1.8a 22.2
Fe3+ (mM) ND 0.5
a. Concentrations below the detection limit of the method used.
b. The sample was collected from the same field a year later.
The pH was measured at 25°C. ND, not determined.
Table 2. Oligonucleotide probes used in this study.
Probe Specificity
Position in
Escherichia coli Probe sequence (5′→3′)
Faa
(%) Reference
EUB338I Most Bacteria 16S (338–355) GCT GCC TCC CGT AGG AGT 35 Amann et al. (1990)
EUB338II Planctomycetales 16S (338–355) GCA GCC ACC CGT AGG TGT 35 Daims et al. (1999)
EUB338III Verrucomicrobiales 16S (338–355) GCT GCC ACC CGT AGG TGT 35 Daims et al. (1999)
NON338 16S (338–355) ACT CCT ACG GGA GGC AGC 0 Wallner et al. (1993)
ALF968 Alphaproteobacteria 16S (968–985) GGT AAG GTT CTG CGC GT 20 Neef (1997)
Beta42a Betaproteobacteria 16S (1027–1043) GCC TTC CCA CTT CGT TT 35 Manz et al. (1992)
cBeta42a Competitor 16S (1027–1043) GCC TTC CCA CAT CGT TT 35 Manz et al. (1992)
GAM42a Gammaproteobacteria 23S (1027–1043) GCC TTC CCA CAT CGT TT 35 Manz et al. (1992)
cGam42a Competitor 23S (1027–1043) GCC TTC CCA CTT CGT TT 35 Manz et al. (1992)
EP404 Epsilonproteobacteria 16S (404–420) AAA KGY GTC ATC CTC CA 30 Macalady et al. (2006)
DELTA495a Most Deltaproteobacteria,
some Gemmimonas group
16S (495–512) AGT TAG CCG GTG CTT CCT 45b Loy et al. (2002)
cDELTA495a Competitor 16S (495–512) AGT TAG CCG GTG CTT CTT 45 Macalady et al. (2006)
CF319a Cytophaga-Flavobacterium
cluster
16S (319–336) TGG TCC GTG TCT CAG TAC 35 Manz (1996)
ARCH915 Archaea 16S (915–934) GTG CTC CCC CGC CAA TTC CT 20 Stahl and Amann (1991)
Cren512 Most Crenarchaeota 16S (512–527) CGG CGG CTG ACA CCA 0 Jürgens et al. (2000)
Eury498 Most Euryarchaeota 16S (498–511) CTT GCC CRG CCC TT 0 Burggraf et al. (1994)
a. Values represent per cent formamide in the hybridization buffer.
b. Formamide concentrations adapted for FISH (Macalady et al., 2006).
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the archaeal diversity. Rarefaction analyses demon-
strated that the census is far from complete (data not
shown). However, FISH conducted with domain- and
class-specific probes revealed a good coverage of the
microbial community. Rarefaction curves also indicated a
high bacterial diversity due to the high number of non-
repetitive phylotypes (75%) at this hydrothermal field
(data not shown). Only 12 phylotypes were closely related
to known sequences (similarity 97%). The remaining 39
phylotypes in part distantly resembled known sequences
(similarity to known sequences 76.2–96.8%).
Phylogenetic analysis of 16S rRNA genes
A bacterial and an archaeal 16S rRNA gene library was
constructed from low-temperature diffuse emissions at
the Lilliput hydrothermal field. Bacterial representatives
included members of Beta-, Gamma-, Epsilon- and
Deltaproteobacteria, Bacteroidetes, Firmicutes, Acido-
bacteria and Candidate Divisions TM6, OP8, SR1, WS5,
WS6, OP11 and OD1 (Fig. 2A). The few archaeal
sequences were associated with the Deep Sea Hydro-
thermal Vent Euryarchaeota Group (DHVE), the Marine
Group I of the Crenarchaeota (MG I) and the Miscella-
neous Crenarchaeotal Group (MCG) (Fig. 2B).
Archaea
The majority of the archaeal sequences of the clone
library was affiliated with the MG I (85.8%) (Fig. 2B) of
which 61.9% were affiliated to different sequences
obtained from deep-sea hydrothermal vent environments
(Takai and Horikoshi, 1999). Some members of the MG I
(19.0%) were closely related (98.5% similarity) to the
autotrophic ammonia oxidizer Nitrosopumilus maritimus
(Könneke et al., 2005). Others (4.8%) were related to
sequences obtained from a carbonate chimney at the Lost
City vent field (Schrenk et al., 2004). A small fraction of
clone sequences (4.8%) was associated with the MCG
(Takai et al., 2001) (Fig. 2B). Within the DHVE the Lilliput
clones were distributed among DHVE 3 and DHVE 1
(Fig. 2B). The only cultivated representative of the DHVE,
the thermoacidophilic Aciduliprofundum boonei (DHVE 2)
(Reysenbach et al., 2006) was distantly related to the
Lilliput clones LDG12C (76.8% similarity) and LDG12E
(72.3%). Their closest relatives were sequences from tidal
flat sediments (Kim et al., 2005) and a diffuse outflow
along the Juan de Fuca Ridge (Huber et al., 2002)
respectively (Fig. 2B).
Bacteria
Sequences of the clone library affiliated with the Epsilon-
proteobacteria accounted for 24.3% of bacterial clone
sequences and were mainly assigned to group F (7.7%)
and the Arcobacter group (10.1%) (Fig. 2A). Deltaproteo-
bacteria constituted for 16.5% of all bacterial clone
sequences and were affiliated with Desulfobacterales and
Desulfovibrionales (Fig. 2A). High similarities of gam-
maproteobacterial clone sequences with Thiomicrospira
thermophila (99.8%) and Thiomicrospira crunogena
(99.1%) were observed. Single sequences were associ-
ated with the Candidate Divisions TM6 and OP8. Their
closest relatives were a harbour sediment clone
(DQ394961) and a clone retrieved from Riftia pachyptila’s
tube (López-García et al., 2002), revealing similarities of
94.0 and 87.0% respectively. The clone sequence LDGD6
was identified as an Acidobacteria and related to a salt
marsh clone (96.0%) (AY711698). Bacteroidetes are
chemoorganotrophs that are specialized in polymer deg-
radation (Kirchman, 2002). Representatives accounted for
18.9% of sequences in the clone library. They were affili-
ated to sequences originating from hot emissions of the
Logatchev hydrothermal field (M. Perner, J. Kuever, R.
Seifert, T. Pape, A. Koschinsky, K. Schmidt, H. Strauss and
J.F. Imhoff, submitted for publication), from mucous secre-
tions of Paralvinella palmiformis (Alain et al., 2002), from
vent snail epibionts (Goffredi et al., 2004), from Guaymas
Basin sediments (Teske et al., 2002) and from a sulfidic
cave microbial mat (Engel et al., 2004) (Fig. 2A).
Sequence similarities ranged between 87.5% and 95.6%.
Further bacteria involved in the breakdown of organic
matter include organisms of the phylum Firmicutes, repre-
sented by 3.8% of the clone library sequences (clones
LDGH9 and LDGD8). Their next relatives originated from
Svalbard sediments (Ravenschlag et al., 1999) and
mucous secretions of Paralvinella sulfincola (Page et al.,
2004) respectively.
A major fraction of Lilliput clone sequences (20.6%) was
associated with Candidate Divisions of deeply rooted lin-
eages, i.e. Candidate Divisions OD1, OP11, SR1, WS5
and WS6 (Fig. 2A). We can report a member of the Can-
didate Division WS5 in a hydrothermally influenced
setting for the first time. The closest relatives of the dif-
ferent clones included sequences retrieved from a sulfide-
rich spring (Elshahed et al., 2003), an enrichment culture
(AJ306788), deep groundwater (Miyoshi et al., 2005),
mangrove bacterioplankton (DQ234104), marine sedi-
ment (Harris et al., 2004), deep sea sediment (Li et al.,
1999), subsurface water (DQ256360), a microbial mat
(Ley et al., 2006) and an anaerobic swine lagoon
(DQ018805) (similarities between 76.2% and 93.8%).
Genetic characterization of carbon metabolisms
Clone libraries of functional genes (cbbL, cbbM and aclb)
were constructed from diffuse fluid emissions at the Lilliput
hydrothermal field. The cbbL and cbbM genes, encoding
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Betaproteobacteria
Gammaproteobacteria
Epsilonproteobacteria
Deltaproteobacteria
Acidobacteria
Candidate Division OP8
Firmicutes
Bacteroidetes
Candidate Division SR1
Candidate Division WS5
Candidate Division OD1
Candidate Division OP11
Candidate Division TM6
Archaeoglobus fulgidus, AE000965
Lilliput diffuse fluid clone LDDD11 (2.5%), AM295212
Ralstonia pickettii, AB004790
Rhodoferax antarcticus (T), AF084947
Lilliput diffuse fluid clone LDGF10 (1.3%), AM295238
Monochlorobenzene Contaminated Groundwater clone, AY050604
100
Lilliput diffuse fluid clone LDGD7 (1.3%), AM295225
Pseudomonas viridiflava, AF094751
Oceanobacter kriegii (T), AB006767
Bacterioplankton ZA3706c, AF382127
Lilliput diffuse fluid clone LDGB5 (1.3%), AM295237
100
100
Lilliput diffuse fluid clone GG6 (1.3%), AM295236
Pseudoalteromonas sp KT0812A, AF239705
Lilliput diffuse fluid clone LDDA12 (1.3%), AM295203
Thiomicrospira crunogena, AF069959
Lilliput diffuse fluid clone LDGD10 (1.3%), AM295235
Thiomicrospira thermophila, AB166731
100
54
62
Sulfurimonas autotrophica, AB088431
Lilliput diffuse fluid clone LDGC7 (1.3%), AM295226
Mucous secretion Paralvinella palmiformis AJ441199
Sulfurovum lithotrophicum, AB091292
Lilliput diffuse fluid clone LDGE7 (1.3%), AM295218
Rainbow vent field sediment sample, AY225617
Lilliput diffuse fluid clone LDB01_H (1.3%), AM295247
vent snail epibiont clone SF_C23-H11, AY531570
Lilliput diffuse fluid clone LDDF12 (1.3%), AM295216
Lilliput diffuse fluid clone LDGG8 (3.8%), AM295219
98
100
99
Sulfurospirillum carboxydovorans, AY740528
Bacteroides ureolyticus (T), L04321
Campylobacter jejuni (T), L04315
Lilliput diffuse fluid clone LDDD9 (1.3%), AM295210
Mucous secretion Paralvinella sulfincola AY280411
Lilliput diffuse fluid clone LDGE8 (1.3%), AM295227
13°N colonization device, AJ575943
vent snail foot surface clone SF_C11-F3, AY327877
100
100
71
Lilliput diffuse fluid clone LDGB7 (1.3%), AM295228
Diffuse outflow Juan de Fuca, AF468752
Lilliput diffuse fluid clone LDGG7 (1.3%), AM295224
Arcobacter halophilus, AF513455
Candidatus Arcobacter sulfidicus, AY035822
Diffuse outflow Juan de Fuca, AF468779
vestimentiferan tubeworm clone, D83061
Lilliput diffuse fluid clone LDGG9 (2.5%), AM295221
Rainbow vent field sediment sample, AY225610
Lilliput diffuse fluid clone LDGD9 (1.3%), AM295220
deep sea hydrothermal vent chminey CHA3-437, AJ132728
Lilliput diffuse fluid clone LDGA7 (3.8%)), AM295222
Diffuse outflow Juan de Fuca, AF468711
Lilliput diffuse fluid clone LDGG4 (2.5%), AM295223
100
100
100
56
78
72
100
100
Desulfovibrio caledoniensis, U53465
Lilliput diffuse fluid clone LDDE11 (1.3%), AM295207
Lilliput diffuse fluid clone LDGC5 (1.3%), AM295243
marine sediment clone MBMS30, AY193150
Desulfobacterium corrodens, AY274450
Lilliput diffuse fluid clone LDDH10 (11.3%), AM295208
Site B OTU B21D8, AM268646
Desulfofaba gelida (T), AF099063
Lilliput diffuse fluid clone LDDB11 (1.3%), AM295206
Desulfobacula phenolica (T), AJ237606
Lilliput diffuse fluid clone LDGA10 (1.3%), AM295245
Antarctic sediment clone SB1-49 , AY177795
100
100
100
71
54
batch reactor clone SBRH58, AF268992
Lilliput diffuse fluid clone LDGD4 (1.3%), AM295229
harbor sediment clone VHS-B3-74, DQ394961
Lilliput diffuse fluid clone LDFC11 (1.3%), AM295200
Guaymas basin hydrothermal sediment clone C1_B017, AF419691
Riftia pachyptila‘s tube clone R76-B102, AF449263
100
uncultured Holophaga/Acidobacterium Sva0450, AJ240998
Lilliput diffuse fluid clone LDGD6 (1.3%), AM295244
Salt marsh clone SIMO-2332, AY711698
100
97
55
Clostridium aminobutyricum, X76161
Lilliput diffuse fluid clone LDGH9 (2.5%), AM295242
uncultured Low G+C Gram-positive bacterium Sva1064, AJ241007
Fusibacter paucivorans (T), AF050099
Lilliput diffuse fluid clone LDGD8 (1.3%), AM295232
Mucous secretion Paralvinella sulfincola AY280415
71
79
Flexibacter aggregans, M58791
Lilliput diffuse fluid clone LDDH9 (1.3%), AM295213
Guaymas Basin bottom water, AF419687
sulfidic cave microbial mat clone LKC, AY510257
Site B OTU B21C5, AM268643
Lilliput diffuse fluid clone LDDE12 (1.3%), AM295214
Lilliput diffuse fluid clone GB10 (2.5%), AM295234
Cytophaga fermentans (T), M58766
Lilliput diffuse fluid clone LDDC9 (10.0%), AM295204
Mucous secretion Paralvinella palmiformis AJ441219
Lilliput diffuse fluid clone LDDF11 (1.3%), AM295205
vent snail epibiont clone SF_C9-B4, AY531558
Lilliput diffuse fluid clone LDGH4 (2.5%), AM295231
sulfidic cave microbial mat clone LKC, AY510256
100
100
54
deep sea sediment clone BD2-14, AB015542
microbial mat clone SRB1, AY193174
Lilliput diffuse fluid clone LDDD10 (1.3%), AM295211
sulfide rich spring clone ZB18, AY327235
100
Lilliput diffuse fluid clone LDGF9 (1.3%), AM295233
enrichment clone SHA-95, AJ306788
Lilliput diffuse fluid clone LDDF10 (2.5%), AM295217
groundwater clone KNA6-NB10, AB179666
trickling water clone koll6, AJ224539
Lake Gossenkoellesee clone GKS2-30, AJ290044
Lilliput diffuse fluid clone LDFG11 (1.3%), AM295248
Lilliput diffuse fluid clone LDDE9 (3.8%), AM295249
100
Guaymas Basin hydrothermal sediment clone C1_B032, AF419694
Lilliput diffuse fluid clone LDGC6 (1.3%), AM295240
mangrove bacterioplankton clone DS020, DQ234104
Lilliput diffuse fluid clone LDGH7 (1.3%), AM295241
marine sediment clone Bol26, AY193135
Guaymas basin clone B04R033, AY197423
Lilliput diffuse fluid clone LDGG5 (1.3%), AM295246
marine sediment clone BMS_29, AF172926
100
82
uncultured bacterium, AY532576
deep sea sediment clone BD7-1, AB015577
Lilliput diffuse fluid clone LDDC10 (1.3%), AM295209
Lilliput diffuse fluid clone LDGA6 (1.3%), AM295230
subsurface clone uEV818BHEB5102702SAS79, DQ256360
deep sea sediment clone BD5-13, AB015569
Lilliput diffuse fluid clone LDDA11 (1.3%), AM295201
Suiyo Seamount clone Sc-NB03, AB193914
63
Lilliput diffuse fluid clone LDDH12 (1.3%), AM295215
Anaerobic swine lagoons, DQ018805
Lilliput diffuse fluid clone LDGB9 (1.3%), AM295239
Lilliput diffuse fluid clone LDDA9 (3.8%), AM295202
microbial mat Guerrero Negro, DQ330686
100
98
100
100
99
100
51
57
100
91
100
57
62
100
10%
100
Candidate Division WS6
Group B
Group F
Arcobacter
relatives
A
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the form I and form II RubisCO, which are key enzymes of
the CBB cycle, yielded 30 and 34 clone sequences
respectively. The aclb gene encoding the beta subunit of
the ATP citrate lyase, which is a key enzyme of the rTCA
cycle, yielded 33 clone sequences. In total, three, six and
seven phylotypes (a phylotype being defined as 100%
amino acid identity) were identified for the cbbL, cbbM and
aclb genes respectively (Fig. 3A and B).
The majority of Rubisco form I (cbbL) amino acid
sequences (53.3%) was affiliated with endosymbiont
sequences of the Bathymodiolus mussel (Fig. 3A) (amino
acid similarity of 95.6%). A further large fraction (40.0%) of
the clone sequences of the cbbL-library was affiliated with
Thiomicrospira sp. (Fig. 3A). Only a minority of the clone
sequences (6.7%) was associated with Solemya-like
symbiont sequences (92.8% amino acid similarity). A
major part of Rubisco form II amino acid sequences
(cbbM gene) was affiliated with either T. thermophila (58.
8%) or T. crunogena (17.6%) (Fig. 3A). The remaining
sequences were related to sequences originating from
hydrothermal plumes, groundwater and aquifer as well as
from R. pachyptila and could not be linked to cultured
representatives (Fig. 3A).
The distribution of the epsilonproteobacterial aclb
sequences at the Lilliput hydrothermal field was restricted
to affiliates of probably the Arcobacter group and group B
of the Epsilonproteobacteria (Fig. 3B). Genes encoding
enzymes known to be oxygen-sensitive were more
diversely distributed (Fig. 3A and B) compared to the
cbbL gene, encoding the form I RubisCO of the CBB,
which operates in aerobic organisms. As a whole the
phylogeny of the cbbL, cbbM and aclb genes comple-
ments and is in good congruence with the 16S rRNA gene
data (Figs 2A, 3A and B).
Discussion
Habitats characterized by microorganisms
Lilliput fluids comprise various organisms associated with
aerobic, microaerophilic and anaerobic bacteria (Fig. 2A),
which are unlikely to occur in immediate proximity. This
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Fig. 2. Phylogenetic relationships of 16S rRNA sequences of bacteria (A) and archaea (B) as determined by Maximum-Likelihood analysis.
The percentage of bootstrap re-samplings above 50% is indicated. Dotted lines mark shorter sequences added subsequently to the tree.
Sequences obtained from the Lilliput hydrothermal field are listed in bold/italic. Numbers in parenthesis indicate percentage of clone
sequences belonging to one phylotype. The scale bar represents the expected number of changes per nucleotide position.
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Fig. 3. Phylogenetic relationships of cbbL and cbbM (A) and of the aclb gene sequences of Epsilonproteobacteria (B) as determined by
Maximum-Likelihood analysis. The percentage of bootstrap re-samplings above 75% is indicated. Dotted lines mark shorter sequences added
subsequently to the tree. Sequences obtained from the Lilliput hydrothermal field are listed in bold/italic. Numbers in parenthesis indicate
percentage of clone sequences belonging to one phylotype. The scale bar represents the expected number of changes per nucleotide
position.
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suggests different oxic/anoxic environments. The oxygen
variability of various cultured representatives related to
Lilliput bacteria is also reflected in the oxygen sensitivities
of key enzymes typical for the different CO2 fixation path-
ways that were detected by the genetic approach (Fig. 3A
and B). However, genes encoding the cbbL gene revealed
less diversity compared to the cbbM and aclb genes
(Fig. 3Aand B), which indicates that fewer organisms in the
fluid emissions are adapted to potentially fixing CO2 in the
presence of oxygen. This is in contrast to previous reports
claiming that the form I RubisCO is more diverse compared
to the form II RubisCO in hydrothermal samples (Elsaied
and Naganuma, 2001; Campbell and Cary, 2004). Never-
theless, the rTCA cycle seems to be the predominant
mechanism for autotrophic CO2 fixation at hydrothermal
vent environments (Campbell and Cary, 2004; Takai et al.,
2005; Campbell et al., 2006). This is corroborated by the
occurrence of diverse aclb genes in the diffuse emissions
at the Lilliput hydrothermal field (Fig. 3B).
The elevated oxygen concentrations (3.12 ml l-1) (D.
Garbe-Schönberg, pers. comm.) determined at the point
of discharge are inconsistent with the reduced features
(e.g. excess of iron II compared with iron III fraction)
typically known for hydrothermal fluids. However, assum-
ing that mixing processes of the oxygenated ambient sea-
water and reduced hydrothermal fluids are taking place in
the oxic/anoxic interphase of the mussel assemblage, a
clear physico-chemical zonation can be expected. It is in
fact reflected in the prokaryotes inhabiting the distinct
layers (Fig. 4). Based on the microbial community struc-
ture and the fluid chemical characteristics of the diffuse
fluids, three separated environmental zones are envi-
sioned: the oxic zone, the oxic/anoxic interphase and the
anoxic zone (Fig. 4). The oxic zone is characterized by
2°C ambient seawater with prokaryotes being unaffected
by fluid discharge and will thus not be discussed further.
The area of the mussel patch comprises the oxic/anoxic
interface (Fig. 4). This community is influenced by low-
temperature fluid emissions supplying reduced inorganic
compounds from below and oxidants such as O2 and NO3–
derived from ambient seawater. Hence, a strong physico-
chemical gradient can be expected across the mussel
patch. The subsurface environment is considered to be
the anoxic zone. It is characterized by reduced com-
pounds from the diffuse fluids (Fig. 4).
Prokaryotes detected in hydrothermal emissions dis-
close physico-chemical parameters characteristic for
habitats through which the hydrothermal fluid has passed
on the way to the surface. For example, thermophilic and
hyperthermophilic prokaryotes have been used as micro-
Fig. 4. Hypothetical sketch of the oxic/anoxic interface established by the mussel assemblage and the underlying anoxic zone (subsurface) at
the Lilliput hydrothermal field. The flow of reduced compounds derived from hydrothermal fluids and oxidants from the ambient seawater is
indicated. The suggested microbial metabolisms and reactions for the uncultured Candidate Divisions are hypothetical. CD denotes Candidate
Division.
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bial indicators for the existence of a hot subsurface
biotope and have been frequently observed in diffuse
emissions (Holden et al., 1998; Huber et al., 2002; 2003).
However, these microbial tracers were absent in Lilliput
emissions, which argues against the presence of hot fluid
in the near subsurface. This finding is corroborated by
abiotic low-temperature indicators, i.e. low temperature of
emissions (< 16.7°C), absence of chimney structures and
sulfide deposits and presence of low-temperature forma-
tions like iron oxide/hydroxides (Fig. 1). Further support
for this conclusion stems from low concentrations of H2
and CH4 and the particularly low H2/CH4 ratios (Table 1).
Especially the latter should be much higher assuming the
emanating fluids are derived from oxygenated cold
ambient seawater admixed in the subsurface with a small
portion of hot hydrothermal fluid.
Novelty of the ecosystem
The high number of non-repetitive bacterial sequences
indicates a high phylogenetic diversity at the Lilliput
hydrothermal field. This is consistent with reports from
other diffuse emissions (e.g. Huber et al., 2002; 2003).
This diverse bacterial community accompanied by a
variety of metabolic features (deduced from group-
specific characteristics) reflects the multiple niches along
the fluid pathway (Fig. 4). Of the 51 phylotypes, 76%
showed little sequence similarity to other known
sequences (76.2–96.8%). This suggests that comparable
habitats have never been investigated before. The
novelty of the prokaryotes detected at the Lilliput hydro-
thermal field could be due either to the geographically
distinct location or to the low-temperature influence of
the hydrothermal field hosted by an exceptionally thick
crust. However, sequence novelty could also reflect the
multiple habitats associated with the Bathymodiolus
assemblages, which have not been studied with respect
to the influence they have on the free-living microbial
community. This is surprising considering the functional-
ity of the mussels (i) in providing secondary substrate
and (ii) because their accumulation hinders fast
re-suspension of sedimented organic matter. Although, to
our knowledge, no studies have specifically been con-
ducted on excretions from Bathymodiolus mussels, ana-
logues like the Mytilus mussels (without symbionts but
closely related to Bathymodiolus spp.) have been shown
to release dissolved organic carbon, ammonia and
organic dissolved nitrogen in turn utilized by the micro-
bial population (Tupas and Koike, 1990). If this were the
case also for Bathymodiolus mussels they could be
responsible for a major part of the nutrient supply to the
endemic heterotrophic community. Therefore they could
be assigned a new role in terms of determining the struc-
ture of the ecosystem.
Archaea
Repeated hybridizations conducted with fluorescently
labelled probes specific for Archaea, Crenarchaeota and
Euryarchaeota (Table 2) showed that the numbers of
detected signals remained below the detection limit (< 1%
of total cells). This finding is consistent with the difficulties
in amplification of archaeal DNA and the low number of
retrieved archaeal sequences. Archaea of the Lilliput
hydrothermal field were predominantly associated with
the Crenarchaeota MG I, which are distributed widely in
the water columns of the world’s oceans (e.g. DeLong,
1992). The presence of members of the Crenarchaeota
MG I suggests a cold-water contribution to the fluids. This
is supported by temperature measurements (Table 1)
and oxygen concentrations (D. Garbe-Schönberg, pers.
comm.) of the diffuse fluid emissions. As suggested this
mixing process takes place at the surface. A fraction of
MG I sequences (19.0% of the archaeal clone library)
was closely affiliated with the chemolithoautotrophic,
ammonia-oxidizing N. maritimus (Könneke et al., 2005).
The MG I archaea could participate in the local nitrogen
and carbon cycle, for example by oxidizing ammonia
excreted by the mussels. Members of the MCG consti-
tuted only a small fraction of the archaeal clone library
(Fig. 2B). Representatives of this group appear to be
ubiquitous in subsurface environments. They have been
described as generalists and observed in terrestrial and
marine as well as surface and subsurface habitats (e.g.
Takai et al., 2001; Sørensen and Teske, 2006). Yet, to
date they remain uncultured. The only cultured member of
the DHVE is the thermoacidophilic A. boonei (Reysen-
bach et al., 2006). However, clone sequences at Lilliput
affiliated with the DHVE were too distantly related to this
thermophilic isolate, prohibiting assumptions on the physi-
ological features of these uncultured archaea.
Even though affiliates of the MG I might be involved in
recycling mussel excretions and contribute to the local
nitrogen and carbon cycling, archaea generally seem to
play a minor role at Lilliput. Consistent with the extremely
low abundance of archaea, the presence of archaea most
likely entrained by ambient seawater and the absence of
hyperthermophilic methanogens and heterotrophs, we
conclude that no endemic archaeal community exists in
the oxic/anoxic interface or immediate subsurface, which
significantly influences the fluid chemistry or the bacterial
community.
Bacteria of the oxic/anoxic interface
Microbial life at the oxic/anoxic interface is fuelled by
reduced diffuse emissions supplying inorganic com-
pounds such as H2S, H2, CH4 and Fe2+ and seawater-
derived oxidants like O2, NO3–. While the low-temperature
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discharge supplies electron donors (energy sources), the
ambient seawater delivers electron acceptors. Gorgo-
naria and other biological colonization (Fig. 1) indicate a
strong source of suspended organic material in the Lilliput
area. Furthermore, increased accumulation of organic
matter within the mussel patches can be assumed as well
as possible organic excretions of the vent mussels con-
tributing to the organic matter budget. This diverse and
massive supply of inorganic and organic energy sources
is reflected in the phylogenetically diverse bacterial
community.
Typical organisms of the oxic/anoxic interface are Thi-
omicrospira spp. They have been isolated from different
hydrothermal environments and require reduced sulfur
compounds as well as oxygen (Jannasch et al., 1985). In
fluids emitting from the Lilliput hydrothermal field, Thiomi-
crospira spp. were detected on the basis of the 16S rRNA
gene (Fig. 2A) and genes encoding form I and II RubisCO
(Fig. 3A). The presence of Thiomicrospira spp. was also
asserted by culture-dependent techniques (J. Kuever,
pers. comm.). Among the genes encoding the two types of
RubisCO, environmental sequences were predominantly
affiliated with Thiomicrospira spp. detected in the diffuse
fluids. This indicates that among the chemoautotrophic
community putatively capable of operating the CBB cycle
for CO2 fixation, their role is pronounced. Quantitative
FISH analyses corroborate that Gammaproteobacteria
are a substantial part of the community.
Next to Thiomicrospira spp. other prokaryotes known to
be widespread in hydrothermal environments and
involved in the oxidative part of the sulfur cycle include
Epsilonproteobacteria (Campbell et al., 2006). However,
unlike Thiomicrospira spp. their affiliates are microaero-
philic or anaerobic (Campbell et al., 2006). This would
place them in an area of the oxic/anoxic zone orientated
towards the subsurface (Fig. 4). Nevertheless, Huber and
colleagues have shown that the diversity of Epsilonpro-
teobacteria is favoured by conditions of increased mixing
of oxygenated seawater with reduced fluids (Huber et al.,
2003). Epsilonproteobacteria observed at Lilliput include
affiliates of the Arcobacter lineage, groups B and F
(Fig. 2A). While oxidation of reduced sulfur compounds
has been demonstrated for some members of these
groups, other representatives of these groups additionally
or exclusively oxidize hydrogen (Campbell et al., 2006).
Because of the high abundance of sulfide measured at
Lilliput, it is assumed to be the prominent energy source
for chemolithoautotrophs in Lilliput fluids (Table 1).
However, it cannot be excluded that other chemical com-
pounds such as hydrogen and methane are of
importance. While no typical hydrogen oxidizers (e.g.
Aquificales and representatives of groups A and D of the
Epsilonproteobacteria) were detected (based on 16S
rRNA genes) (Fig. 2A), potential hydrogen oxidizing can-
didates remain within the Epsilonproteobacteria. To iden-
tify epsilonproteobacterial hydrogen oxidizers directly, the
gene encoding NiFe-uptake hydrogenase of Epsilonpro-
teobacteria was studied (M. Perner, unpublished). For this
purpose specifically designed primers were used (Takai
et al., 2005). Even though the NiFe-uptake hydrogenase
is phylogenetically not very well conserved and primers
usually cover only a limited phylogenetic range (e.g.
Wawer et al., 1997), the specific primers used have
shown to successfully amplify throughout the group of
hydrogen oxidizing Epsilonproteobacteria (Takai et al.,
2005). Except for a single phylotype that was affiliated
with Campylobacter sp. and putatively involved in hydro-
gen oxidation, no other epsilonproteobacterial NiFe-
uptake hydrogenase genes were identified in Lilliput
diffuse fluids (M. Perner, unpublished). Hence, in agree-
ment with low hydrogen concentrations (Table 1), this
points to the minor role that hydrogen probably plays as
an energy source at the Lilliput hydrothermal field. With
methane contents being only slightly elevated compared
to ambient seawater (Table 1), the absence of known
methane oxidizers is not surprising. Therefore, sulfide
probably represents the most important energy source for
chemolithoautotrophs at Lilliput.
Many Epsilonproteobacteria are able to fix carbon
dioxide (e.g. Inagaki et al., 2004; Miroshnichenko et al.,
2004; Takai et al., 2004; Nakagawa et al., 2005a) and are
possibly responsible for major parts of primary production
in vent environments. In contrast to Gammaproteobacte-
ria like Thiomicrospira spp., Epsilonproteobacteria use
the rTCA cycle for CO2 fixation (Hügler et al., 2005; Takai
et al., 2005). The aclb gene (encoding a key enzyme of
the rTCA cycle) phylogeny (Fig. 3B) is in agreement with
the 16S rRNA data (Fig. 2A). This shows that represen-
tatives of probably group B and Arcobacter relatives are
likely to be involved in CO2 fixation by using the rTCA
cycle. Additionally, this might also indicate heterotrophy
for Lilliput sequences affiliated with members of group F
and Campylobacter relatives. These organisms were
detected based on the 16S rRNA gene (Fig. 2A), but were
absent from the aclb clone library (Fig. 3B).
Epsilonproteobacteria comprised 28% of all DAPI-
stained cells. Compared with studies from other hydro-
thermal environments, their abundance is relatively low
(Nakagawa et al., 2006). However, Epsilonproteobacteria
were the predominant prokaryotes of the Lilliput microbial
community. As they exceeded other prokaryotes in size
(Fig. S1), their impact on the ecosystem regarding uptake
or release of substances will be higher compared to
smaller cells of equal abundance. Therefore, their role
might be more pronounced than expected by simple cell
counts. Furthermore, the ability of coccoidal or filamen-
tous epsilonproteobacterial cells to form chains (Fig. S1B
and E) is beneficial to their survival, as chain formations
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increase attachment abilities and possibly shelter the cells
from predation by metazoans.
Next to inorganic compounds fuelling chemoautotrophic
life, organic matter functions as an energy and carbon
source for heterotrophic organisms. Only recently
elevated concentrations of dissolved organic carbon
(DOC) in comparison with ambient seawater have been
measured in diffuse emissions and were correlated with
high microbial cell counts (Lang et al., 2006). Despite
elevated DOC in diffuse emissions (Lang et al., 2006),
members of the Cytophaga-Flavobacterium cluster,
known to degrade complex macromolecules, were as
abundant as in the open ocean (Glöckner et al., 1999).
Representatives of the phylum Firmicutes are also
involved in the degradation of organic compounds.
Although they were detected in the fluids by sequencing,
their abundance remains uncertain.
Bacteria of the anoxic zone
Epsilonproteobacteria, proposed to inhabit the lower area
of the Lilliput mussel bed, have previously been associ-
ated with the subseafloor biotope (Huber et al., 2003).
With the majority of the species capable of using nitrate or
sulfur compounds as electron acceptors (Campbell et al.,
2006), their dispersal into the anoxic zone remains likely.
The importance of sulfur cycling at this hydrothermal envi-
ronment has been highlighted above and is further cor-
roborated by the presence of Deltaproteobacteria. Their
occurrence next to Epsilonproteobacteria has also been
reported from hydrothermal sediments (Teske et al.,
2002). The co-occurrence of both groups could result from
their complementary roles in the sulfur cycle (sulfate
reduction for Deltaproteobacteria and sulfur oxidation for
Epsilonproteobacteria) (Campbell et al., 2006). Sulfate-
reducing Deltaproteobacteria use a broad range of elec-
tron donors (e.g. primary alcohols, fatty acids, carboxylic
acids, glucose) with organic compounds being oxidized
completely to CO2 (e.g. Desulfobacula spp.) or incom-
pletely to acetate (e.g. Desulfovibrio spp.). Others are
capable of chemolithoautotrophic growth with H2 and CO2
(e.g. Desulfobacterium spp.). The abundance of Deltap-
roteobacteria in the Lilliput ecosystem (12% of DAPI-
stained cells) might be fundamental to the indigenous
subsurface inhabitants, because the Deltaproteobacteria
could supply different forms of organic material (e.g.
acetate) and reduced sulfur compounds (e.g. H2S) to their
ambient habitat. In turn these metabolical end-products
could be used as substrates for growth by other
microorganisms.
Members of deeply rooted Candidate Divisions OD1,
OP11, SR1 or WS6 have been observed in hydrothermal
environments (Reysenbach et al., 2000; Teske et al.,
2002; Huber et al., 2003; Page et al., 2004; Nakagawa
et al., 2005b). Very little is known about their function in
these ecosystems. However, they have been exclusively
recovered from anoxic environments (Dojka et al., 1998;
2000; Hugenholtz et al., 1998; Harris et al., 2004). An
involvement in sulfur cycling has been postulated for
members of the Candidate Divisions OD1, OP11 and SR1
(Harris et al., 2004). With regard to Lilliput, their presence
is consistent with relatively high sulfide contents (Table 1).
The determination of the stable carbon isotope signa-
ture of CH4 gave a d13C of -32.6‰. This signature is
typically found for methane produced by thermal cracking
of organic matter from phototrophic organisms. However,
considerable amounts of sedimented organic matter
within the basalt rocks hosting the Lilliput field are unlikely.
Alternatively, the methane might be produced by abiotic,
mineral-catalysed CO2 reduction in the presence of H2.
Laboratory experiments have recently shown the possi-
bility to generate methane about 35‰ depleted in 13C
relative to CO2 by abiotic synthesis under hydrothermal
conditions (McCollom and Seewald, 2006). However, the
low concentrations of H2 detected in the sampled fluid
(Table 1) argue against abiotic synthesis being a major
source of methane. Assuming that the majority of the
methane present stems from methanogens, methyl-type
fermentation appears to be a more likely pathway than
abiotic carbonate reduction. Methanogenesis from
acetate involves a depletion in 13C on the order of
25–35‰ for d13Cmethane relative to d13Cacetate, while a signifi-
cantly greater depletion in 13C (over 55‰ for d13Cmethane
relative to d13Ccarbon dioxide) is observed for methanogenesis
by carbonate reduction (Whiticar, 1999). The d13C of both
potential substrates, CO2 and acetate, are not enriched in
13C (i.e. d13C < 0‰). Hence, a measured d13Cmethane of
-32.6‰ is consistent with d13Cmethane of aceticlastic
methanogenesis. In this context, the respective acetate
should possess a rather heavy d13C signature close to that
of seawater CO2, suggesting its synthesis associated with
small isotope fractionation as given by the rTCA or the
3-hydroxypropionate cycles, but not the acetyl-CoA
pathway (Hayes, 2001; House et al., 2003).
Members of the Candidate Divisions OP11, WS5 and
OP8 observed at the Lilliput hydrothermal field (Fig. 2A)
have previously been described for different redox zones
of an aquifer, including a methanogenic zone, where ace-
ticlastic methanogenesis has been proposed as the domi-
nant microbial mechanism (Dojka et al., 1998). With
acetate generally being available in the subsurface envi-
ronment and a carbon isotope signature for methane sug-
gesting aceticlastic methanogenesis as the principal
metabolism for methane production, members of this
group might be involved in the same type of metabolism at
the Lilliput hydrothermal field (Fig. 4). Representatives of
the Candidate Division OP8 have been additionally
detected in the iron/sulfate-reducing zone (Dojka et al.,
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1998). However, the occurrence of representatives of the
Candidate Divisions OD1, OP11, SR1 and WS6 in low-
and high-temperature environments as well as the large
sequence divergence displayed indicates a potentially
broad metabolical capacity (Dojka et al., 2000).
A fraction of all DAPI-stained cells (11%) was not tar-
geted by the domain-specific probes used. These cells
exhibited a smaller size compared to the other
prokaryotes. Only recently, Miyoshi and colleagues dem-
onstrated that members of the Candidate Divisions OD1,
OP11, WS5 and WS6 are smaller than 0.2 mm (Miyoshi
et al., 2005) and, interestingly, the bacteria-specific
probes used discriminate against Lilliput sequences affili-
ated with the Candidate Divisions OD1, OP11 and WS6
(up to two mismatches), while it matched with Lilliput
affiliates of the Candidate Division WS5. With members of
the Candidate Divisions OD1, OP11 and WS6 contributing
with 13.2% to the Lilliput clone library, these observations
could indicate the missed cells being representatives of
these groups. If this were the case, this would implicate
that their abundance and thus their ecological role in
terms of substrate turnover in their immediate environ-
ment have been underestimated.
Conclusion
This study clearly demonstrates the importance of com-
bined analyses of physico-chemical parameters with
microbial community studies of hydrothermal fluids. As a
result important implications about the inaccessible sub-
surface of the Lilliput hydrothermal field could be derived.
The absence of thermophilic and hyperthermophilic
prokaryotes from the fluids and the fluid-geochemical data
implicate hydrothermal fluids of low-to-mediate tempera-
tures in the subsurface. Judging from a higher iron(II)
fraction compared to a significantly lower iron(III) fraction
and relatively high oxygen contents, we assume an oxic/
anoxic zonation throughout the mussel assemblage
reflected in prokaryotes with different oxygen re-
quirements. We therefore suggest a scheme placing the
organisms detected, potential processes and their inter-
actions in a context at this site (Fig. 4).
The main energy sources for chemolithotrophic bacte-
ria at Lilliput are probably reduced sulfur compounds.
Bacteria using this metabolism included Thiomicrospira
spp. and some affiliates of the Epsilonproteobacteria
(Fig. 2A). Both groups were also identified on basis of
genes encoding key enzymes of the CBB and rTCA cycle
and dominated the chemoautotrophic community (Fig. 3A
and B). Additionally organic matter plays a role as an
energy and carbon source for different heterotrophs. The
role of members of the Candidate Divisions remains
unknown. However, inferring from environmental charac-
teristics, we propose potential mechanisms that they
could be involved in. We were able to expand the data-
base on novel Candidate sequences, point out the pos-
sible underestimation of their role in hydrothermal
ecosystems and define further physico-chemical param-
eters in which these organisms occur.
Experimental procedures
Sampling site and sample collection
The Lilliput diffuse outflow area is located at 9°32.85′S and
13°13.54′W on the southern MAR in a water depth of 1500 m.
Hydrothermal fluids were retrieved during dives with the
remotely operated vehicle (ROV) QUEST (MARUM, Bremen
University) during the cruises MAR-SÜD II (M64/1, 2005) and
MAR-SÜD III (M68/1, 2006). Except for the reported sulfide
concentrations determined for fluids collected during MAR-
SÜD III in 2006, all fluid chemical and microbiology studies
were conducted from emissions recovered during the MAR-
SÜD II cruise in 2005.
For the sampling of hydrothermal fluids, a pumped flow-
through system with PFA sampling bottles (Kiel Pumping
System, KIPS) (Garbe-Schönberg et al., 2006) especially
designed for the ROV QUEST was used. To ensure a com-
plete exchange of fluids, actual pumping time of fluid sam-
pling accounted for approximately 10 min per 675 ml flask.
Fluid chemical and microbial community analyses were con-
ducted using aliquots of identical samples. For microbiology
studies, the liquids were concentrated in vitro on 0.2 mm
polycarbonate filters (Sartorius) and stored at -20°C.
Fluid chemistry
Fluid chemical parameters were determined immediately
after sample recovery. The pH was measured (Mettler elec-
trodes with Ag/AgCl reference electrode) at 25°C in unfiltered
sample aliquots. Sulfide concentrations were measured pho-
tometrically following the methylene blue method (Cline,
1969). The fraction of iron(II) and iron(III) were measured by
a photometric method. An orange-red ferroin complex formed
by Fe(II) ions with 1,10-phenantroline in a pH range of 3–5
was measured with a Biochrom Libra S12 spectral photom-
eter at 511 nm. Total Fe was analysed by reducing all Fe with
ascorbic acid. Fe(III) was determined as the difference
between total Fe and Fe(II). Light dissolved hydrocarbons
were analysed on board applying a purge and trap technique
(Seifert et al., 1999) and treated as previously described
(M. Perner, J. Kuever, R. Seifert, T. Pape, A. Koschinsky,
K. Schmidt, H. Strauss and J.F. Imhoff, submitted for
publication). Dissolved hydrogen was determined on board
by a gaschromatograph-equipped pulsed discharge detector
(PDD) as described elsewhere (M. Perner, J. Kuever, R.
Seifert, T. Pape, A. Koschinsky, K. Schmidt, H. Strauss and
J.F. Imhoff, submitted for publication). Stable carbon isotope
signatures (d13C values) of CH4 were analysed using coupled
gas chromatography-combustion-isotope ratio mass spec-
trometry (GC-C-IRMS) as described previously (Seifert et al.,
2006). The carbon isotope ratios are expressed in a permil
deviation from the Vienna Belemnite (VPDB) standard in the
usual d-notation: d13C = (Rsample/Rstandard) - 1·1000, where R is
the 13C/12C ratio and Rstandard = 0.0112372.
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Fluorescence in situ hybridization
To examine the abundance of bacteria and archaea in the
diffuse outflow at the Lilliput hydrothermal field different oli-
gonucleotide probes were used. They are summarized in
Table 2. Filters were fixed on board with formaldehyde (4%
v/v) for 4 h, washed twice with 1¥ PBS (phosphate-buffered
saline), fixed in 1 ml ethanol : 1¥ PBS (1:1), and stored at 4°C
until further treatment. Fluorescent in situ hybridization analy-
sis with CY3-labelled oligonucleotide probes (final concentra-
tion, 50 ng ml-1) and DAPI colouring were conducted
according to Glöckner and colleagues (Glöckner et al., 1999).
Filter sections were inspected using an Axiophot epifluores-
cence microscope (Zeiss, Jena, Germany). All counts were
corrected by subtracting the number of signals obtained with
the negative control (NON338).
DNA extraction, 16S rRNA gene amplification, cloning
and sequencing
DNA was extracted from filters using the Ultra Clean Soil
DNA Isolation Kit (MoBio) according to the manufacturer’s
instructions. Archaeal and bacterial 16S rRNA genes were
polymerase chain reaction (PCR)-amplified using the oligo-
nucleotide primer sets consisting of 21F and 958R (DeLong,
1992) and 27F and 1492R (Lane, 1991) respectively. Primers
(50 pmol), 1 ml (bacteria) and 1.5 ml (archaea) of DNA tem-
plate and sterile water were added to PuReTaq Ready-To-
Go-PCR Beads (Amersham Biosciences) to a total volume of
25 ml. An initial denaturation step (92°C for 2 min) was fol-
lowed by 20 cycles of 92°C for 40 s, 50°C for 40 s, 72°C for
1 min for bacteria and 94°C for 1 min, 58°C for 1 min and
72°C for 1 min for archaea. Final extension was 5 min at
72°C. To minimize PCR bias 20 cycles were conducted (Qiu
et al., 2001). The amplified product was purified using the
Roche PCR purification kit according to the manufacturer’s
instructions and re-amplified as described above using 1 ml of
the purified extracts. Polymerase chain reaction products
were re-purified as stated above and subcloned with a
TOPO-TA cloning kit (Invitrogen, Carlsbad, CA). For success-
ful amplification of archaeal DNA three parallels were
performed. During purification the three products were
pooled into one sample, re-amplified and cloned as described
above. For screening of 16S rRNA genes, 100 clones were
randomly picked, re-suspended in 25 ml of sterile water and
checked for correct insert size by PCR with the M13F and
M13R vector primers. Polymerase chain reaction products of
the correct size (~1500 bp) were screened and partially
sequenced (~700 bp) by using the primers 27F or 21F for
bacteria or archaea respectively. Sequencing was performed
using the BigDye® Terminator v1.1 Cycle Sequencing Kit
(Applied Biosystems) and 3730xl DNA Analyzer (Applied
Biosystems).
PCR amplification and sequencing of genes for the CBB
and rTCA cycles
The form I RubisCO (cbbL), form II RubisCO (cbbM) (key
enzymes of the CBB cycle) and of the beta subunit of the ATP
citrate lyase (aclb) (a key enzyme of the rTCA cycle) were
PCR-amplified by using the primers cbbL F and cbbL R,
cbbM F and cbbM R (Campbell and Cary, 2004) and 892F
and 1204R (aclb) (Campbell et al., 2003) respectively. The
conditions used have been described previously (Campbell
et al., 2003; Campbell and Cary, 2004). Amplification prod-
ucts were purified, cloned (40 clones/gene were picked) and
sequenced as described above. For sequencing of the gene
fragments the corresponding forward primers were used.
Phylogenetic analysis
All sequences were edited with Lasergene Software SeqMan
(DNAStar). The functional genes’ sequences were translated
to amino acid sequences by using BioEdit. Chimeric 16S
rRNA gene sequences were identified by using the Chimera-
Check software available from Ribosomal Database Project
(Cole et al., 2003) and eliminated. Sequences were com-
pared with DNA or amino acid sequences in the public
domain through BLAST searches (Altschul et al., 1997).
Sequence data were compiled by using ARB software (http://
www.arb-home.de) and aligned with sequences obtained
from the GenBank database by using the ARB FastAligner
utility (Ludwig et al., 2004) or for amino acid sequences
aligned manually. Resulting 16S rRNA gene alignments were
manually verified against known secondary structure regions.
Maximum-Likelihood-based trees were constructed using
PhyML (Guindon and Gascuel, 2003) and 100 bootstrap
replicates. Phylogenetic trees for archaeal and bacterial 16S
rRNA sequences were calculated considering only
sequences with a length of at least 1200 and 1300 bp
respectively. The phylogeny of the cbbL and cbbM genes was
calculated from partial (140 and 91) amino acid sequences.
The phylogenetic tree of the aclb gene was determined from
partial (299) amino acid sequences. The aclb gene and
RubisCO trees were re-imported into ARB, and shorter
sequences were added subsequently using the Parsimony
Quick and Add option without changing the tree topology.
Nucleotide sequence accession numbers
These sequence data have been submitted to DDBJ/EMBL/
GenBank databases under accession numbers AM295190–
AM295249 (16S rRNA gene), AM403038–AM403040 (cbbL),
AM403008–AM403011, AM403019 and AM403020 (cbbM),
AM403102–AM403108 (aclb).
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